. Visualization of a human brain with a probabilistic fiber tract (green) and cortical defined brain areas (blue and green) for anatomic orientation. Within the fiber pathway dark transparent colors indicate a low probability (left region of the fiber) whereas bright and opaque colors represent high probabilities (main tract in the center of the fiber).
INTRODUCTION
Magnetic resonance diffusion tensor imaging provides the currently most forward method for the assessment of white matter fiber pathways in the living human brain. Hereby, the course of the fibers is estimated by measuring water diffusivity in the brain. Based on their Brownian motion, water molecules prefer to move along directions with lowest resistance which in the brain is provided along the myelin sheaths. By applying magnetic field gradients from different spatial directions, the uncertainty within the diffusion data can be estimated and used for consecutive analysis. From these DT-MRI data an effective diffusion tensor can be estimated within each voxel. The quantities as mean diffusivity, principal diffusion direction, anisotropy of the diffusion ellipsoid can be computed from the elements of the diffusion tensor.
To reconstruct fiber pathways based on the diffusion data, two main methods are currently used: (1) deterministic tractography, and (2) probabilistic tractography. Deterministic tractography tries to find the path from a seed to a target voxel based on the main diffusion direction within each voxel on the way. Hereby, uncertainty within the course of the pathway cannot reliably be accounted for. In contrast, probabilistic tractography explicitly accounts for the uncertainty of the actual fiber pathways within each voxel. For each voxel, a local probability distribution of the diffusion direction is calculated. A probabilistic tractography algorithm then tries to find the most probable course of a fiber between a seed and a target voxel by deciding in each voxel which would be the most probable prosecution of the fiber, based on the local probability distribution within that voxel and its prior course. 2 This procedure is iterated to improve signal-to-noise ratio and create a stable probability distribution function for each voxel. As a result of probabilistic tractography, no single fiber strand is provided, but a probability distribution of possible fiber pathways between seed and target voxels, ranging from voxels with a large number of passed traces to voxels with only a low number of passes. A main methodological issue are crossing fibers. White matter regions which are dominated by large fiber tracts (like e.g. the internal capsule or the superior longitudinal fascicle) can also contain small fiber tracts. But due to the relative low resolution of DT-MRI data (about 2 − 3mm 3 voxel size) as compared to the diameter of an axon (about 1μm), only the main fiber direction within each voxel is accounted for. Hereby, small fiber tracts cannot reliably be detected if not modelled within the algorithm. Current probabilistic tractography algorithms model different courses of fibers within each voxel using priors about the previous course of the estimated fiber tract and anatomical plausibility assumptions (e.g. that fiber tracts do not make sharp bends, over a certain angle).
3
By accounting for the uncertainty within the estimated white matter fiber pathways, the method of probabilistic tractography allows to draw a clearer picture of the overall fiber architecture within the human brain. The connectivity information is obtained from healthy individuals to characterize the normal structure of different functional and anatomical brain networks. Using these data from healthy subjects as reference could help to further understand pathoanatomical mechanisms in so called disconnection syndromes (like e.g. different forms of apraxia or aphasia). These syndromes appear like dysfunctions of brain areas. But the cause of the disease is not the destruction of a part of the cortex of the brain but of the underlying white matter pathways as it occurs in different neurodegenerative or psychiatric diseases. Therefore, we believe that an effective visualization can be a valuable tool for understanding the function and interaction of different brain areas. This paper is structured as follows. After briefly reviewing previous work in Section 2 we will describe our visualization approach in Section 3. In Section 4 we specify the study setup and the measured variables and discuss our findings in Secion 5. We conclude our work in Section 6.
RELATED WORK
Deterministic streamline tractography emphasizes on the flow of the neuronal fibers using the principal eigenvector of the diffusion tensor. 4 To visualize the three-dimensional (3D) large scale structure Kindlmann 5 applied direct volume rendering strategies to the anisotropy values to map from the diffusion tensor data to color and opacity.
Other common visualizations often make use of glyph-based techniques that represent a single tensor as a geometric primitive or via streamline advection among the principal eigenvector of the local tensor. Chen at al. 6 for example, merge ellipsoids to show the connectivity information in the underlying anatomy while characterizing the local tensor in detail. Sherbondy et al. 7 implemented interaction techniques to place and manipulate regions to selectively display deterministic pathways that pass through specific anatomical areas. However, due to the relatively low resolution of DTI data as compared to the diameter of an axon, only the main fiber direction within each voxel is accounted for. Therefore, a main methodological issue are crossing fibers. Qazi et al. 8 successfully trace through regions of crossing fibers deterministically by extracting two tensors at any arbitrary position. Nevertheless, streamline methods only represent a single fiber path between two points without indication of correctness. Current probabilistic tractography algorithms 2 model different courses of fibers within each voxel using priors about the previous course of the estimated fiber tract and anatomical plausibility assumptions, 3 thereby addressing the issue of crossing fibers adequately.
Conveying uncertainty in the rendering is an inherent requirement for neuroscientists to evaluate probabilistic tractographies. The high interest in uncertainty and fiber crossing is shown in the recent work of Descoteaux The same fiber tract with uncertainty and anatomical information produced with our visualization (bottom right). The blue region indicates a connected brain area. (b) The picture demonstrates our visualization technique in the virtual environment of a CAVE.
et al. 9 Deterministic and probabilistic tractography are compared with respect to crossing and splitting fiber bundles. In most current visualizations uncertainty is only represented on two-dimensional (2D) slices. 3D representations of probabilistic fiber tracts are often generated by extracting opaque isosurfaces for certain probability ranges (see Figure 2 10 All data were displayed on the standard reference brain of the Montreal Neurological Institute (MNI) as internationally used as common reference space (voxel resolution: 1mm
3 ).
VISUALIZATION
A major issue of current 3D visualization techniques in common DTI analysis tools is that no indication of uncertainty in the fiber tracts is contained in the final renderings. As depicted in Figure 2 (a) on the bottom left, the rendering of tracts is achieved by extracting an isosurface from the fiber tract but with no further clues to anatomical details or probability distribution within the fiber tract.
Requirements To overcome such shortcomings, we formulate four conceptual visualization requirements based on an interdisciplinary discussion with DTI domain experts (see Section 4) as follows: (1) The final rendering should convey the uncertainty within each fiber tract in an intuitive way. (2) The concurrent visualization of multiple fiber tracts depicting possible anatomical connections between different brain areas should convey the probabilities of each fiber tract relatively to the others as well as crossing regions of those fiber paths. (3) The location of fiber tracts within the human brain should easily be deduced by the anatomical context at all times such that the domain scientist is able to verify and derive insights from the visualization. (4) None of the above requirements must interfere with the interactivity of the visualization.
Visualization Technique
We employ direct volume rendering as the underlying rendering technique for the visualization of uncertainty in probabilistic tractography. Since a major requirement is to display several fiber tracts simultaneously the input data of the volume rendering is no longer a single density value but a set of independent scalar values (probabilities). Therefore, we adapt a classical slice-based volume renderer to efficiently handle multiple scalar-valued data sets. We achieve this by the following concept: First, we interleave the multiple scalar-valued data sets into one vector-valued data field. This allows us to use a state-of-the-art slice-based renderer with all the performance benefits and visual quality enhancements like local lighting and preintegration. The proxy geometry (texture slices) is rendered only once, changes to the volume renderer are only made in the fragment shader where each vector-valued data entry is retrieved by one or more 3D texture lookups. The components of each vector corresponding to different fiber tracts can then be handled separately. Each fiber probability is classified according to a user-defined transfer function (cf. Figure 1 ). Individual colors of multiple tracts are blended together such that single fiber tracts are reconstructed with their original color coding and crossing fiber tracts contribute to the overall color. Hence, crossing sections of multiple fiber tracts tend towards a bright white color.
Anatomical Context
The anatomical context for the fiber tracts is provided by including a standardized reference brain and the location of functional or cortical defined brain areas. The reference brain is again volume rendered semi-transparently with user-defined clipping regions in order to reduce visual cluttering. These clipping regions can either be simple axis-aligned planes that are overlayed with full opaque cross sections of the brain or be defined as clipping volumes by an anatomical segmentation of the brain. The opaque rendering of cross sections of the brain resembles the 2D slices the domain expert is familiar with from common DTI tools and provides an unbiased view on the original data. Furthermore, the rendering of brain areas is used to give additional clues to the anatomical connection between seed and target area of the fiber tracts.
USER STUDY
We believe that it is important for us as visualization scientists to spend more time understanding the underlying science in order to establish effective visual representations for DTI techniques. The differences in perception of DTI and visualization scientists need to be captured such that new visualization techniques can be accepted and incorporated into the daily workflow. Therefore, we believe a broader elaboration and survey on the topic at hand will be of great interest.
Informal Discussion
We gained first insights about the essential requirements to analyze results of probabilistic tractography through an informal discussion with DTI scientists. For instance, displaying 2D slices in a 3D virtual environment might seem out-of-date for visualization scientists but can sometimes reveal necessary anatomical details. Another important issue for the domain experts are the relevant probability ranges of the fiber tracts. If a probability threshold is chosen too low or too high either the whole brain appears to be connected to a certain brain area or important tracts are completely neglected. Therefore, the choice of different colors for different probability values may become an important part of the overall visualization.
Hypotheses The goal of the study is to obtain qualitative reactions on the preferences for different visualizations of probabilistic fiber pathways in the human brain. In this way, we hope to find more information about which coloring methods and context informations are most suitable. Our hypotheses are:
1. Conveying a context brain, 2D clipplanes as well as brain areas as context information for the fiber pathway is preferred over conveying less information (cf. Figure 3 ).
2. When visualizing one fiber pathway going for low probability values from dark to brighter color values for higher probabilities the coloring does not matter in terms of preference (cf. Figure 4 ).
3. When using complementary colors for low and high probability values in one fiber pathway no specific coloring is preferred (cf. Figure 5 ).
4. The equal coloring approach is preferred over the complementary coloring one.
Proc. of SPIE Vol. 7625 762534-4 Procedure We will first define the independent and dependent variables as well as the control variables. The effect of the independent variable on the dependent one is the object of the study and is therefore varied methodically. Control variables might influence the dependent variables and should therefore be eliminated. In our study we identified the general control variables as follows: age, gender, fiber pathways and context information. Age and gender will be randomized and all different visualizations will be created for one specific fiber pathway. This control variable is kept constant to prevent its influence on the effect of the independent variable on the dependent one. The context information is also kept constant for the images concerning coloring questions. Only the lower part of the reference brain is shown with the axial plane.
In order to compare different visualization techniques we need to eliminate factors such as interaction and navigation effects and only consider the visualization aspect. This is best done on a 2D sheet of paper where the same fiber tract is visualized with the different techniques. Therefore, the images were printed out on paper and to operationalize the dependent variables, a questionnaire is introduced to measure the preference for context information and coloring. According to our four hypotheses the questionnaire was structured as follows.
(1) After asking general questions such as age and gender, six different images of the same fiber pathway with different context information were presented. Here, the context information is the independent variable. The six different context information types were no context (N), context brain with clipplanes and brain areas (BCA), context brain with clipplanes (BC), context brain and brain areas (BA), context brain (B), and closed context brain and brain areas (cBA) as illustrated in Figure 3 . The preference of context information is the dependent variable which we want to measure. As a general question the subjects had to detect their preferred image of the six concerning the visual impression. Then, for each of the six images a 5-point Likert scale question was posed on how well the anatomical location of the fiber pathway can be detected within the brain. Possible answers were very good, good, middle, bad and very bad.
(2) The second part of the questionnaire was about coloring methods for fiber pathways. One coloring method which we will call "equal coloring" uses one color for one pathway. To display differences in probability values the brightness of that color is adapted. Less probable areas are darker and more transparent and higher probability values are brighter and more opaque. Examples of this equal coloring method for blue, green and red are given in Figure 4 . In contrast to that we generated images of the fiber pathway using complementary colors, this technique will be referred to as "complementary coloring". Lower probabilities are drawn in one color and higher probabilities in the complementary color. To test the preference of a specific color for the "equal coloring" technique images of the fiber pathway in blue, green and red were juxtaposed (Figure 4) . A general question asked for the most preferred image concerning the visual impression. Then, for each color a 5-point Likert scale question was posed on how well the coloring is conveying different probabilities within the fiber pathway.
(3) Then, we juxtaposed four images of the fiber pathway using "complementary coloring" in blue, orange, green and red as depicted in Figure 5 . After the general question concerning the preferred image, a 5-point Likert scale question was posed for each image to grade how well the coloring is conveying different probabilities within the fiber pathway.
(4) As last, the subjects were asked to compare "equal coloring" with "complementary coloring". For this they had to indicate their preferred image for the three colors blue, green and red concerning both techniques. 
EVALUATION
For our user study we asked 47 people during an exhibition to fill out a questionnaire (27 male, 20 female). The subjects were of all ages. More than half of the people stated having a university degree as highest educational level. We introduced two 5-point Likert scale questions to get to know the familiarity of subjects regarding the brain and DTI. Only 4 of the 47 participants said they knew the brain very well, 9 well and 12 middle. Most participants, 20, said they knew little and 2 nothing at all (cf. Figure 6 ). The majority of the participants stated to have no knowledge of DTI (32 of 47). Only 1 said she knew DTI very well, and 2 stated they knew DTI well (cf. Figure 7) . We used R, 12 a free software environment for statistical computing and graphics software, for the statistical evaluation and generation of the plots.
Context
In order to make statements about the preference of subjects concerning brain context images with different contextual information were juxtaposed. As depicted in Figure 3 six different images were displayed where it was alternated between visualizing the fiber pathway in relation to cortical defined areas in the brain and a context brain which was either completely closed or cut open with or without clipping planes. Most of the subjects (27) preferred the image where the fiber pathway was put in relation to the context brain with clipping planes and the cortically defined areas in the brain (cf. Figure 8(a) ).
A common statistical analysis on evaluating preference is the χ 2 -test. The χ 2 -test tests whether the observed frequency of events differs from the theoretical frequency following a specific hypothesis and therefore tests a goodness of fit by reference to the χ 2 -distribution. Here, we have tested the observed preference against the null hypothesis which states that all visualizations of context information are equally preferred, meaning they have equal frequency. We have 6 different context categories, 5 degrees of freedom (df = 5) and 46 answers in total from subjects leading to an expected frequency of E i = 7.7 for each category i. First, we calculate the χ 2 -statistic, which is the sum of the squared differences between the observed and theoretical frequency for each possible outcome. The calculated χ 2 -statistic is χ 2 = 66.17. Consultation of the χ 2 -distribution for 5 degrees of freedom shows that the probability of observing this difference if visualizations of context information are equally preferred is considerably smaller than a probability of p = 0.001. This probability is lower than conventional criteria for statistical significance (.001-.05), so we reject the null hypothesis that the visualizations of context information are equally preferred.
Then, each participant was asked to rank each single image on a 5-point Likert scale from 1 (very good) over 3 (middle) to 5 (very bad) for how well the anatomical location of the fiber pathway can be detected within the brain. The summary of this data can be seen in Figure 8 (b). The distribution for the image with the BCA type has its median at 2 (good) with the first quantile equal to 1 (very good) and the third quantile equal to 2.
Overall we can see that no context information is generally ranked badly. The three conditions BCA, BC and BA have the tendency to be ranked better.
Some subjects suggested to add a labeling and explanation to the 3D brain. For people with lesser knowledge of the brain a guideline to where the front of the brain would be for instance a nose was stated as possibly helpful. One subject was missing the coronal plane for additional information. We have included this in the application such that a user is now able to include all three planes and adapt their position. Our domain scientist was missing the fiber pathway put in direct relation to the brain structure. It should be possible to look inside the brain without clipping large parts away as is done with the clipping planes.
Equal Coloring
Subjects had to compare the coloring of a fiber pathway between blue, green and red (cf. Figure 4) . Here, darker and more transparent colors indicate lower probabilities and brighter and more opaque colors indicate higher probabilities. A general question asks for the preferred image concerning the optical impression. In total, 16 subjects voted for blue, 22 for green and only 9 for red (cf. Figure 9(a) . A χ 2 -test with the null hypothesis that each coloring is equally preferred (df = 2, ∀iE i = 15.4) results in a χ 2 -statistic of χ 2 = 5.4. This difference to the χ 2 -distribution can be observed with a probability of p = 0.067. Therefore, we do not reject the null hypothesis and therefore assume that the coloring is equally preferred.
Additionally, subjects were asked to rank for each color on a 5-point Likert scale from 1 (very good) over 3 (middle) to 5 (very bad) how well the coloring conveys the different probabilities within the fiber pathway. The summary of this data can be seen in Figure 9 (b). The color green has a median of 2 (good) with the first quantile equal to 1 (very good). The ranking of the color blue and red are similar with both the median at 3. For the introduction and explanation of the application to the subjects we used the green coloring for the visualization of the fiber pathway. This may explain the preference of the green coloring over the blue and the red. Subjects gave all different kinds of reasons for their answer. It seems that the answers were very personal and related to personal associations. For a further understanding it might be useful to read in Birren's book about Color Psychology. 
Complementary Coloring
Next, we used complementary colors to indicate lower and higher probabilities. We juxtaposed four different visualizations; blue (blue for lower probabilities and orange for higher probabilities), orange (orange for lower probabilities and blue for higher probabilities), green (green for lower probabilities and red for higher probabilities) and red (red for lower probabilities and green for higher probabilities), cf. Figure 5 . Subjects were asked to indicate their preferred image concerning the optical impression. Five of the 46 subjects voted for blue, 26 for orange, 14 for green and only one for red as depicted in Figure 10 (a). A χ 2 -test with the null hypothesis that all visualizations of complementary colorings are equally preferred (df = 3, ∀iE i = 11.5) results in a χ 2 -statistic of χ 2 = 32.087. This difference to the χ 2 -distribution can be observed with a probability considerably lower than p = 0.001. Therefore, we reject the null hypothesis and assume that the different visualizations are not equally preferred.
In Figure 10 (b) we can see the summary of the 5-point Likert scale ranking of all subjects. Subjects were asked to rank each visualization on how well the coloring conveys a good impression of the different probabilities within the fiber pathway. The blue coloring has the median at 4. The orange ranking has the median at 2, the first quantile lies at 1 and the third quantile lies at 3. The green ranking has the median at 2 and the red ranking has the median at 3.
Some subjects stated to have a colorblindness for green and red which we did not account for in the coloring. This should be kept in mind and a complementary coloring of green and red should be avoided. Even though most of the subjects preferred the orange coloring our domain scientist voted for red. She stated that with the orange coloring the two different colors could be seen as separate fiber paths which is not correct. Without a fluent transition in color the coloring conveys the impression of yes and no.
For blue, green and red, visualizations of the fiber pathway using the "equal coloring" and the "complementary coloring" technique were juxtaposed to get information about the preference of equal versus complementary coloring. For the blue color 34 chose the equal coloring as their preferred one and 4 the complementary coloring (38 total answers). For the green coloring 16 subjects voted for the equal coloring and 24 for the complementary one (40 total answers). For the two red images 27 voted for the equal coloring as their preferred image and 10 for the complementary coloring (37 total answers). This data is illustrated in Figure 11 . We performed a χ 2 -test for each of these three distributions with the null hypothesis that neither the equal nor the complementary coloring technique is preferred. For the blue ranking (df = 1, ∀iE i = 19) we calculate χ 2 = 23.68 and the probability that such a difference is observed is considerably lower than p = 0.001. The red ranking (df = 1, ∀iE i = 18.5) results in χ 2 = 7.81 with p = 0.0052. Therefore, we reject the null hypothesis for the blue and red coloring. The green ranking (df = 1, ∀iE i = 20) has χ 2 = 1.6 with p = 0.206. This probability is higher than conventional criteria for statistical significance and therefore the null hypothesis is not rejected.
CONCLUSION
Diffusion data and probabilistic tractography results provide researchers with a promising opportunity to further understand the structure of the connections between different brain areas. Hereby, the comprehension of the course of the fibers in relation to its surrounding anatomical landmarks is one of the most crucial steps for the evaluation of tractography results. In contrast to deterministic tractography, it is much more problematic to achieve that goal due to the uncertainty within probabilistic tractography results. Current available visualization software can only partly solve this problem, mostly in 2D. But since fiber tracts are 3D volumes, a comprehensive 3D-visualization of probabilistic tracking results would be most worthwhile. Especially the 3D-visualization of the uncertainty and concurrent display of the main fiber direction is a main issue not yet satisfactorily resolved. The visualization procedure proposed in the current manuscript adequately addresses these former problems. Preliminary results based on an informal evaluation by DTI domain experts indicate that by combining anatomical information from the reference brain with the overlaying tracking results, the visualization gives first hints to the anatomical context of the fiber tracts. Coding different probability values with different colors and transparency allows a 3D impression of the fiber tract revealing its main direction and the uncertainty around it. Former visualization software most widely used in DT-MRI tractography research only reconstructed fiber pathways in 3D as solid paths without any information about the uncertainty.
Coloring the fiber pathway with the equal coloring method (low probabilities darker and more transparent, high probabilities brighter and opaquer) was generally preferred over using complementary colors, even though there was no significant preference for the color used. As our domain scientist stated a continuous change of color for the probability values is preferable over separating low and high probabilities through an abrupt color change.
From the comments and suggestions sections in the questionnaire we can derive that even more context information could be added. Subjects recommend to use additional text information as annotation. It also might be useful to display a reference face for orientation since the front and the back of the brain might look similar to non-experts. The questionnaire results show that the image with most context information (cf. Figure 3(b) ) is preferred indicating that more information could be helpful.
Further development of the visualization should include possibilities to manipulate displays of data completely interactively to provide brain researchers with a useful tool for evaluation of tractography results. Segmenting anatomical details out of the reference space which could be selectively displayed dependent on the research question would be desirable as well. A further problem which should be approached in the future refers to setting the fiber path in relation to its context. To get the anatomical information best out of the tractography results it would be necessary to look into the brain from the outside with still the information of the outer surface available. Therefore, a transparent brain with the possibility to look interactively inside could be displayed which contains the respective fiber tract to exactly reproduce seed, target and course of the tract.
